I. INTRODUCTION
Electrolytic ͑EL͒ plating has been a very important fabrication technique for three-dimensional microelectromechanical systems 1,2 ͑MEMS͒ due to a variety of attractive characteristics, such as low processing temperature, low manufacturing cost, high manufacturing throughput, and better process controllability. The plating process is a galvanic chemical reaction in which metal is coated onto the object surface by passing through an electric current. With an appropriate current input, excellent film quality and high deposition rate can be simply realized by the technique suitable for MEMS fabrication. Previously, we had successfully demonstrated electrolytic Ni/nanodiamond composite synthesis and characterizations for a microelectrothermal actuator application. 3 An electrothermal microactuator made of Ni/ nanodiamond composite film can reduce the power requirement by 73% from 0.924 to 0.248 W; in comparison with a pure nickel device for the same 3 m displacement. In addition, the nanocomposite microactuator can exhibit over 3 m reversible displacement, which is larger than the pure nickel one for only with 1.8 m displacement. Similar performance enhancement by the nanocomposite strengthening effects have been found in the case of the electroless Ni-Pcarbon nanotubes ͑CNTs͒ nanocomposite system. 4 Inasmuch as the CNTs-like diamond have interesting physical properties including high mechanical strength, novel electronic properties, and excellent thermal and chemical stability, it has been observed that the Young's modulus and hardness of the Ni-P film with the incorporation of the CNTs can increase to 665.9 and 28.9 GPa values, respectively, which are four times larger than that of the pure Ni-P one.
Since the EL nickel deposition technique would provide more advantages, including stress-free, lower process temperature, and controllable film characteristics, than the electroless nanocomposite plating process, this article will present the development of the EL technique with the addition of uniformly dispersed CNTs for fabricating electrothermal microactuators. In the mean time, because the intrinsic characteristic of the nonpolarized CNT surface makes itself curled, segregated, nonuniformly distributed in water-based solution, a special acid oxidative method has to be introduced to make a well-dispersed, colloidal Ni-CNTs plating bath unlike the previous preparation of the Ni-diamond bath. We think the EL Ni-CNT nanocomposite synthesis we developed could reveal its potential application for robust MEMS a͒ Electronic mail: ytcheng@mail.nctu.edu.tw fabrication in terms of the revealed improvement of the device performance on mechanical reliability and input power requirement in this article.
II. MICROACTUATOR DESIGN AND FABRICATION PROCESS

A. Ni-CNTs plating solution preparation
In this study, we select multiwalled CNTs for Ni-CNT nanocomposite synthesis and use the acid oxidative method 5 to change the surface chemistry of the CNTs. The surface modification can make the nanotubes well dispersed in water-based solutions. The preparation of Ni-CNTs plating solution is the following: First, the CNTs, are put into an acidic solution of 30 mL H 2 SO 4 and 20 mL H 2 O 2 combination to make the carboxylate COO − groups on the locations of the defects and the ends of the tubes. Such a treatment can effectively avoid the occurrence of the self-curl phenomenon and aggregation of the tubes in the solution. Then, the acidic solution is sonicated for 30 min to form an acidic colloidal solution. Finally, the nanocomposite plating bath is formed after mixing the colloidal solution with a commercial Ni plating solution. Because most of electrolytic Ni plating solutions function well around pH 4.0, similar neutralization of the Ni-CNTs plating solution using ammonium hydroxide 2 is also applied in this experiment and high-temperature distilling of CNTs solution to fully decompose residual H 2 O 2 must be proceeded before being added into the nickel-plating bath because the mixture of the residual H 2 O 2 and ammonium hydroxide would chemically attack the Cu seed layer, then result in disappearance.
B. Microactuator design and fabrication
The electrothermal microactuator used here is based on a long-short beam design, 6 which consists of a pair of adjacent cantilever beams with different lengths but the same material to form an actuating arm, as shown in Fig. 1 . By electrically resistive-heating two beams, the device can provide micrometer movements, which have been widely applied for electrical, optical, and biomedical instrumentations. The fabrication of the microactuator made of Ni-CNTs nanocomposite uses the same process as the previous one for the actuator made of Ni-diamond nanocomposite as shown in Fig. 2 . A 2 m high deposition pressure-chemical vapor deposition ͑HDP-CVD͒ SiO 2 is deposited as an electrical insulation and sacrificial layer, followed by a seed layer of sputtered Ti/ Cu ͑100 Å / 1000 Å͒ as shown in Figs. 2͑a͒ and 2͑b͒, respectively. Then, a 10-m-thick photoresist is coated and patterned on top of the seed layer as the device mold of the actuator, as shown in Fig. 2͑c͒ . Finally, the wafer is put into the plating bath for a 9-m-thick nanocomposite film deposition in which the temperature is kept at 50°C as shown in Fig. 2͑d͒ . Once the plating process is done, acetone, NH 4 OH+H 2 O 2 , and HF solutions are used to remove the mold of PR AZP-4620, the copper seed layer, and the sacrificial layer, respectively, as shown in Fig. 2͑e͒ . Figure 3 shows an electrothermal microactuator made of the Ni-CNTs composites.
III. RESULTS AND DISCUSSIONS
For the characterization of the synthesized Ni-CNTs nanocomposites, the composite films are deposited in four different plating baths with different concentrations of CNTs, which are 0, 0.007, 0.014, and 0.028 g / L, respectively. The composition of the composite film is identified by signature energy-dispersive spectra ͑EDS͒. Figure 4͑a͒ shows the EDS of a cantilever beam made of pure Ni, indicating that the electroplated layer contains very little carbon ͑C͒ in addition to Ni, Si, and O. In comparison with the EDS of the NiCNTs nanocomposite with larger signal intensity because of large amount of C content in the film, as shown in Fig. 4͑b͒ , the small carbon signal could be attributed to surface contamination. Figure 5 shows juxtaposed x-ray diffraction spectra of the Ni-CNTs nanocomposite and pure Ni films. The x-ray source used here is a Cu K␣ line with = 0.154 nm. Ni͑111͒ and Ni ͑200͒ peaks appear at the angles of 45°and 53°, respectively, in both films, as shown in Figs. 5͑a͒ and 5͑b͒. However, the C ͑002͒ peak in the nanocomposite film is around 2 = 26°, with a 3.423 Å corresponding interlayer space that shows the existence of CNTs with trapped amorphous carbon. Similar results, which verify the real existence of the CNTs embedded in the Ni matrix, have been reported in a previous report. 4 The surface morphology of the composite film is characterized using atomic force microscope. Figures 6 and 7 show the surface morphologies of the pure Ni and the nanocomposite films, respectively. Similar acicular appearance on the Ni-CNTs film surface is due to the incorporation of CNTs. 7 However, the average roughness of the Ni-CNTs film is about 7.427 nm, which is comparable to that of the Ni film. It indicates the nanocomposite synthesis can still provide the same surface smoothness as pure nickel suitable for microactuator fabrication.
Regarding the mechanical characterization of the NiCNTs nanocomposite, the E / ratio of material is used as an indicator because it is very critical to the design of the resonator for many sensor and actuator applications 1,4,8 and can be derived from the measurement of resonant frequency of the cantilever beam made of the material. Thus, a laser doppler anemometry is used to measure the variation of resonant frequency of cantilevers made of the composites with different concentrations of the CNTs. The measured frequencies of the composites synthesized at different conditions are listed in Table I and the corresponding E / values at these concentrations are plotted in Fig. 8 . It is found that the E / ratio evidently increases with CNTs concentration. Furthermore, after considering the undercut effect 9 listed in Table I , the E / ratio of the Ni-CNTs nanocomposite synthesized in the plating bath with 0.028 g / L CNT particles is about 1. 47   FIG. 4 . EDS spectra of the pure Ni film ͑a͒ and the Ni-CNTs nanocomposite film ͑b͒.
FIG. 5. X-ray diffraction spectra of the electrolytic pure Ni film ͑a͒ and the nickel-CNTs nanocomposite film ͑b͒. The carbon peak C ͑002͒ indicates the existence of CNTs.
times larger than that of pure nickel, which is comparable with the enhancement achieved in the Ni/diamond nanocomposite. The correlation between the amount of the CNTs or nanodiamond incorporation and related strengthening effects still requires further investigation.
Elemental analyzer measurement is performed to correlate the synthesis process of the nanocomposites to the content of CNTs embedded in the Ni-CNTs nanocomposite film. The weight fractions of the CNTs in the Ni matrix for different plating conditions, which are 0, 0.007, 0.014, and 0.028 g / L CNTs in the baths, are 0%, 0.045%, 0.08%, and 0.085%, respectively and the corresponding volume fractions of CNTs are 0%, 8.02%, 14.26%, and 15.16%, as shown in Fig.  9 . The calculation is based on the density of nickel ͑8.908 g / cm 3 ͒ and the bulk density of multiwalled CNT ͑0.05 g / cm 3 ͒ and the assumption of no existence of voids inside the films. The existence of saturation tendency in the amount of embedded CNTs in this process is found to be different from the previous electroless nanocomposite synthesis.
The electrical conductivities of the nanocomposite films are measured using the four-point probe method. Figure 10 shows that the conductivity decreases with the increase of the incorporated CNTs concentration. Previously, Shen et al. has used the Maxwell-Wagner equation, as shown in Eq. ͑1͒, to estimate the electrical conductivity of the Ni-P-CNT composite film
where V f is the volume fraction of the second phase and k c , k m , and k d are the conductivities of the composite film, matrix ͑Ni͒, and second phase ͑CNTs͒, respectively. Shen et al.
found that the resistivity of the composite falls just within two extreme cases that are the parallel and perpendicular orientations, respectively, of the embedded CNTs to the current flow direction. However, in the Ni-CNTs composite, the conductivity k m of a blank nickel film is 80.3ϫ 10 3 s / cm, which is 43.4 times larger than that of the CNT. The CNT used here is a multiwalled fibrous structure with onedimensional electrical conduction. 10 The conduction only 
In comparison with measurement data as shown in Fig. 10 , the simplified model provides a good estimate of the electrical conductivity of the Ni-CNTs nanocomposite. The device performance is measured on a probe station with an automotive charge coupled device image system which can provide 0.2 m resolution. According to the measurement data of input power versus displacement, the microactuator made of Ni-CNTs nanocomposite can have better mechanical reliability and power efficiency in comparison with that made of pure Ni film. Under the same displacement ͑3 m͒, 0.924 W input power is required for a pure nickel actuator, but only 0.047 W is required for the actuator made of Ni-CNTs nanocomposite, as shown in Fig. 11 . More than 95% power saving can be realized. In comparison with the pure nickel microactuator, which exhibits irreversible deformation once the output displacement is over 1.8 m, the one made of Ni-CNTs nanocomposite ͑0.028 g / L͒ can exhibit better reversible behavior only when output displacement is over 7 m. The results indicate that the Ni-CNTs microactuator can not only provide longer actuation but also more power efficient than the pure Ni one. In fact, the enhancement is similar to our previous report in the Ni/diamond nanocomposite systems, but with much larger reversible displacement.
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IV. SUMMARY
The Ni-CNT nanocomposite synthesis shows its potential application for robust MEMS fabrication. The incorporation of multiwalled carbon nanotubes ͑diameter: 10-20 nm͒ into the electrolytic Ni matrix can greatly enhance the mechanical properties of the Ni matrix. The characterization results show that the increase of CNTs concentration in the Ni matrix can effectively enhance the E / ratio and reduce the power requirement of the electrothermal microactuator made of the composite to achieve the same output displacement as the one made of pure Ni. In addition, the Ni-CNTs nanocomposite actuator exhibits a larger reversible deformation as long as the output displacement is less than 7 m.
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